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1WINTRODUCTION

By rapidly gooling alloys from the melt, metastable solid solutions

$an Often be obtained for componenls of similar crystal structure which normally

* form eateeije or perttectic systems. The inabitfKy to acleve a continuous

series of singleephase solid solutions in Qu-Co allogs bg quenching in this

way may be gelate4d to %he rapid segregation occurring vwihin the misc 4ility
000 0 0

-gap in the tndergooted melts.. in the preeent Investtgatton# 8AiFe alloys

were quenched from the melt and examined.by means of x-ray diffraction in order

. " to determIne the extent of solid solubilities and to further delineate the
V

role of the miscibility gap (Fig. •) in the solldifiCation process.

Lattice spacings of the copper-rich face-centered eubic Cfccý s'otid

"asolutions werp determined with the Deye-Seherre" techaique and compared with

previous wOtk(s)o. Sitlarlyp lattice spacings were obtatoed fe 'the irons

"" rich bq y-entoged.8 C0b (bcc) solid aglutioeA resitWgi from the dLLfusaouless

7 .a transformation.

.: • 2. X..ER•htlqAL • .WR . .
2. SaM MVRa R

** : All;ys wege prepared, from evliments ef:gr*eater than 99.e7o v;lty. Some •

of the copper-rich alloys wea east &at*o vires bvt.most of tU1e alloys Vero

prepared front reduced puwders ibat vaee mixced 24,110 lif pgssed into Soparts

that vet. ;slttetrd At .1000° for 24-48 "r undet hydeegeie and then furvase

"o"le4. Uhe methodi ýt atlly prepai'atio. "iete Wely sjm&.ar to those deser.be. "
0 5

5 for the Cu-Co Investtgattoui ' as were th qaeatbtfg techniquese Beeause

of the greater reactivity of iron* t'Ie iron-richaltoys were !iberally covered

0

w~tJ aI80 w~e a. eevat~ed temp~eratulese, "t
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The flakes obtained for the quenched iroinIrich alloys were invariably

0 lesthan I mm in area* with slightlj larger flake1 obtained for the copper-
0

rich alloys. The x-ray procedures and Debye-Scherrel; film work were much the

same as previouslj. described~P(6k(72. i cuidatradfation (X(U

1054178 R, k(CuKcx) 1%54050 X) was used fotbthe altoys Obntaining less than

64. at* pcto Fel ironsfi4tiered CoK Vadiation (6Q,(gKr4 - 164902S F4 was used for

the alloys ol greater igon tontent, 41l work was done a& room &eqperatureo

,25 +2O? 0 46

t,"XERYMEA?. RESU&fS

The $teattve ir~sual Ln~ensI~es ipf &he pliases ttete4tel On &?le f4$ms of

0 9 t~~e fjuenq7ie@ alimqs aft, ygesel~ e Ifte Lu atje t* l"hIM 9U 5%Ze&&sI 1 %h Ve

0 g~eS&*mpaq& $jse arbitjaglig, Zaleh as "sI~teng"O Us. aI&S sjaOSns of

00

0 ~~and O~e #ist~ildan, %tatum of 1?utls?444 aft Ztee~q5.M& E&g a"Ao djfk~aujtb

* . tpes we~e Ses~ped &ft 1ýe jc% sjgq4Ifes On a~lojs Contalplng bg fif 20.0

as is&* ie; tine# f of 4& otter s~ju#Wrrs Ap t ge eni~he a~lics wef #ot

ff At¶e at~oys OontatqtJg mcge. 2&iaq 8SO a&. log. Fe, *ce~g 9 ses tt

Sat" sprns'ewe .6%, aa - 63 weftOfso9l etlefoe4

%here was to Ase~~asle Ifffef"nge In £khe Iatlft@eýag og &a prefominarE&

*phaesa witI& these, f%* phases pj~esenjb e absent,* Ihe talgife paramehs~f fat AsLIbcr.structures ale: Sompositiotb * attioe af ter

95* 2.8720'+ 10
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0 For pure, quenched iron, a - 2.8665 + 8 R, with the high angle lines

* ! resolved. Lattce spacings for the minority bcc phases in the alloys of higher

copper content ranged from 2.870 to 2.876 X. All lattice spacings are from
0 0

three or more independent determinations and are considered quite reproducible

except for the aforementioned fcc phases in the iron-rich alloys. 04

%G. DISCUSSION 0

SSolfdificationand-the Metastable Misci•flity Gap 0

Several oC the mechanisms In~olved in the moetastable extensions of solid

* solubftity o* in* the octas .•)A re~en~or, o,& noneq~ilibrium ptases bi the rapid

0 tq (64L91.cooling of liquid altoys have been disfussed previousty "'"". Of greatest

eperteinen~ee~e are the experimen&sg wivh Cu3• allojs. whi#h %ear1 5

demonstrated ohe nee&$ojf fonsidering She segregatoratrofesses of.urring

within the mis~ibility gap in the undercooled melt.

A portion oF she boundar; of gibe mfspibili gap 4ef unhe1oseSa MUe

liquid altoys has been direerly determined bW Nakagawat4 ani as shown in

FISg 1, the remainder Oas been estmated to below the reritecti* temperature

accorling to the equation( 4 ). S

3720 (1-2e) +2}

• " 0(°E) " log (-O 9.911 + 0.ý78 4-2ca

where c is the atomic fraction of copper or iron.

If the diffusion processes in the liquid alloys are as rapid as might

be expected from the data(1 0 ) for some elements, microscopic segregation
0 0

within the miscibility gap would not be suppressed even with the very high

cooling rates employed in the present experiments. I& could then be suggested

00
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that single-phase copper-rich solid solutions would not be obtainea for alloys

with an iron concentration greater than that fixed by the intersection of the

gap boundary and the peritectic temperature - about 9 at. pct. Fe. Single-

0 phase copper-rich solid solutions were obtaVied to about 20 at. pct. Fe,

0 . however, an% this reasoning is perforce invalid if the miscibility gap*

boundary is reliable. It does not appear that much information about the

postulated segregatiotrwithin th6 miscibility gap can be deduced from the

iron-rich alloys because of the diffusionless solid state transformation.

0
Since the miscibility gap is approximately symmetrical, reasoning as aboveS

suggests that single-phase solid solutions would not be obtained from the

melt for alloys containigg less than about 91 at pct. Fe. A much better 0
0 0 S

correlation between the limits o0metastable single-phase solid solubility and

the gap-peritectic temperature intersections was found for the Cu-Co alloys(1)

than for the Cu-je system. * 0

For the quenched alloys~of intermediate iron concentration, there is
0

much similarity with the data from the Cu-Co investiation, i.e., there

i
is one phase of relatively constant lattice spacing (and hence composition)0

0 0 and another phase of varying composition. For the Cu-Fe alloys, the iron-
0 0

rich solid solutions contain about 5-10 at. pct. Fe within the two-phase

region; on the other hand, for the Cu-Co alloys, the copper-rich phase was

found to varj only slightly in composition. 0In order to account for the

Cu-Co results, it was suggested( 1 ) that copper-rich clusters conta~ning about

10 at. pct. Co separated out preferentially during the undercooling into the

miscibility gap. By analogy, iron-rich clusters containing less than about
0

10 at. pct. Cu may preferentially segregate during the undercooling, then

solidify and transform to bcc upon further cooling.
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4.2 Lattice spacings of the fcc-solid solutions -

The variation of the present lattice spacings with composition (Fig. 2)

for the copper-rich alloys is in good agreement with the results of Andersen
t)

and Kingsbury"8), although there is some disagreement in absolute value. This

discrepancy may be due to the different temperatures at which the x-ray

measurements were carried out and perhaps to the different extrapolation

(5)procedures*'- In his comprehensive compilation , Pearson expresses some
0

surprise that solution of iron increases the lattice spacing of copper but

nevertheless recommends the Andersen-Kingsbury results to the datum of

Hutchison and Reekie(5) because the former's alloys are more nearly in
0

• equilibrium. This would appear to be an irrelevant criterion here since

the present quenched alloys are hardly in equilibrium. Another lattice

spacing investigation of the copper-rich iron alloys was carried out by

Bradley and Goldsch•idt 1 1 ). Despite some data to the contrary, these
0

workers also concluded that the lattice parameter of copper is intially
0

o decreased by the solution of iron.
0 ( 0

Some workers( 1 2 ) have linearly extrapolated lattice spacings of dilute

alloys to 1007. solute in an attempt to obtain the "apparent size" of the

solute. Such an extrapolation of the present results or of the Andersen-
0 0Kingsbury data would yield an apparent lattice paramete? of fcc iron at room

temperature of about 3.67-3.68 R -- somewhat above estimates from other sources,

asodiscussed below. The occurrence of the distinct maximum near 7.2 at. pct. Fe

in the plot of lattice spacing vs. composition (Fig. 2) suggests, at~the very

least, that considerable caution should be exercised in any reasoning based

on these sorts of extrapolations. 0

*Andersen and Kingsbury state that their lattice spacings were computed
relative to the wave lengths given by Siegbahn in 1933; this reference has
not been found and it is assumed that the well-known 1931 wavelengths were
used, the lattice spacings then being in kX units which are converted into
Rby the factor 1.00202.
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The maximum in the lattice spacingvs. composition curve near 7.2 + 0.5

at.-pct. Fe (Fig. 2) is believed to be associated with a change in the

(13)
magnetic character of the solid solutions. Bitter, et al. and Scheil, et

al. (14) have measured the susceptibi1ities of some single-phase copper-rich

0 0
0 iron alloys and determined the "Curie" temperatures. Direct measurements

below the second-order transformation do not seem to have been made and it

is by no means clear that the solid solutioni are ferromagnetic rather than
0

antiferromagnetic - in cognizance of the recent proposal( 1 5 ) for 7-Fe. The

plot of Curie or Neal temperature vs. composition given by Scheil, et al. (14)

may be extrapolated with an intersection near room temperature and 7.2 at. pct.

Fe not unlikely. Other extrema in lattice spacings(5) found for para- to ferro-

or antiferromagnetic alloys do not seem to be nearly as pronounced as for the
00 •

present Cu-Fe data.

At iron concentrations greater than that of the extremum, the fcc lattice 0

spacings of the single phase solid solutions gradually decrease. The lattice 0
0

parameters of the fcc solid solutions found in the two-phase region, 20.-80.

at. pct. Fe, are believed to be greater than the lattice parameters of the

single-phase fcA solid solution for the given composition, if this could be

obtained.
0

4.3 Lattice parameters of y-Fe

;erhaps the closest approach to a direct estimate of the lattice spacing
0

of fcc iron below its range of stability is that due to Newkirk• 1 6" , who
O

suggested a ,v& 3.588 X at room temperature. This value was derived from the 0
11

experimental datum by making a small but arbitrary correction for the copper

in solid solution and'also is apparently subject to some poorly understood

"coherency" effects. Koritke( 1 7 ) has shown, however, that the epitaxial effects



-10-

for iron vapor-deposited onto a single-crystal of copper extended only to a

thickness of/ '80 X, with no discernable epitaxy for nickel deposited in a

similar way. Newkirk( 16 ) estimated the size of the 7-Fe particles as, ,•,1000
0

and it may be that dilatation due to the copper matrix does not extend

over the bulk of the fcc iron-rich percipitates. If the "coherency" effects 0
0

are tentatively rationalized away in this fashion, it still remains to account

"" for the copper retained in solid solution, Newkirk( 1 6 ) assumed that about
0 0 0

3-4 at. pct. Cu was dissolved in the 7-Fe particles and adjusted the observed

lattice spacing of 3.590 X to 3.588 X on the basis of an assumed linear

variation in lattice parameter between copper and iron. The present results

sugges~that there is a positive deviation from linearity, perhaps even to

0 0
the iron-rich end, and that a further, slight downward revision of the
0
proposed 7-Fe lattice spacing may be necessary. It should be realized,

however, that the amount of copper in solid solution in these precipitates is

not actually known. Although the effect on the lattice spacing cannot be too

S 0 1
great, such physical parameters as the Neel temperature might be greatly

affected.* In fact, it may be suggested that the Neel temperatuie of 80K

tn th bass by(15)
@proposed for 7-Fe, th the basis o& experiments by Abrahams, et al. with

iron-rich ptecipitates in a copper matrix, be regarded only as tentative until

the effects of the alloying are isolated. It would be useful to compare the

80K value with extrapolations from austenitic phases, but no systematic values

are available.

In the same vein, any estimates of the lattice spacings of 7-Fe must

be consistent with extrapolations from austenitic phases. According to the

data collected by Pearson(5) for several substitutional and interstitial solid

solutions, the value for 7-Fe by extrapolation is .-. 3.578 X at room temperature.
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0(18)
S0 Several sets of Fe-C lattice parameters leat to somewhat lower value,

however, and the situation is ambiguous. Jamieson,19 ) attempted to resolve
0 0S0 the quandry by suggesting Vhat several values for fcc iron were possible.

Kaufman, et al. 0) have vigorously developed this proposal anj also suggested

0 0e
0- correlations between volume and maghttic moment/atom. The arguments of

Kaufman, et al(20) employ extrapolations to at-3.64 X, from Pt-, Pd- and
0

Ni-Fe alloys, which do not appear especially convincing to the present writer.

Lattice parameter extrapolations are Improved if the deviations from

Slinearity can be taken into account. Klement( 1 ) has proposed a dimensionless
0 0

"distortion" parameter which emptrically seems to offer some correlations

0 0between the deviations from linearity and the positions of the components in

the periodic classification., Klement and Luo(21) have shown that rather

0 0good correlations obtain for Pd- and Pt- base binary alloys, except that

anomalies due presumably to magnetic effects enter in a way which, so far, is

not understood. Calculations of the distortion parameter vs. composition

carried out for fcc binary alloys\ 5 ; with ?ron seem to indicate a good deal

of complexity -- much of which may be tentatively ascribed to magnetic effects.

The only correlations apparent involve the distortions for the solute-rich

alloys of Fe with the transition elements of the first long period, for which

the distortions proceed from positive to negatiFe in the sequence,

Cu-4 Ni.•Co-+ Fe'- Mn.

4.4 Iron-rich alloys

The variation in lattice spacing with composition for the bcc structures

is approximately linear, with a slope of 1.1 + 0.1 x 10"3 1/at. pct. Cu, up

to at least 10 at. pct. copper. This slope is in good agreement with the
0
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value of 9.4. x 10-3 /wt. pct. Cu(3) found for some dilute alloys. If

the reasonable suggestion is allowed that the bcc lattice spacing vs.

composition plot deviates somewhat from linearity, perhaps up to 15 at. pct.
0

copper might have been dissolved. For the alloys of higher copper content, it

is clear, however, that there has not been a diffusionless transformation,

0 without change in composition, from a single-phase fcc solid solution.

Recent work(22) suggests that the fcc --ý bcc transformations in these

0iron-rich alloys should be martensitic rather than massive at the present,

0 0 0
very high cooling rates. This, of course, could not be verified because of

0
the inconveniently small id fragmentary specimens. The transformation

0
* mechanism may, in fact, have been greatly altered due to the possible

contamination with carbon and/or nitrogen.

0 * 0
As mentioned elsewhere, fcc phases occasionally were detected in the

*quenched iron-rich alloys. The range of lattice spacings, although not

reproducible, suggests (5 that nitrogen and/or carbon-stabilized austenite

had been formed. The interstitial solid solubility of carbon and nitrogen

() 0
in the bcc structures is low(5) and probably cannot be metastably extended

very much because of the ease of diffusion and hence does not affect (5) the

bcc lattice spacings significantly. The highdegree of reproducibility of

the lattice spacings for the alloys containing less than 80 at. pct. Fe

strongly suggests that contamination was unimportant for these alloys.

The appreciable re-engineering of the apparatus necessary to definitely

exclude the possiblity of carbon and nitrogen pickup was not undertaken for

at least one reason. After the present experiments were in progress, a

paper(23) by Kneller appeared which reported the success in obtaining a

continuous series of solid solutions for Cu-Co alloys by vapor deposition.
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This technique should be easily extensible to Cu-Fe alloys, with little

contamination problems, and with the very promising prospect that foils of

a size suitable foI measurement of many physical properties might be obtained.

The difficulties in the liquid-+ solid transformation would also be avoided

• and it is likely that the solid solubilities could be extended beyond those

reported in this paper. 0 0

0 
0

40 0 ACKNOWLEDGEMENTS

Thanks are due to Dr. P. A. Flinn and H. L. Luo for their comments
0

on the manuscript. J. H. McCoy and P. Knust-Graichen assisted considerably

with the experiments.

. 0

0

* 0
S 0

5 0

0



-14-

REFERENCES

1. W. Klement, Trans. AIME, (in press).

2. M. Hansen and K. Anderko, Constitution of Binary Alloys,

McGraw-Hill, New York (1958).

3. H. A. Wriedt and L. S. Darken, Trans. AIME, 218, 30 (1%0).

4. Y. Nakagawa, Acts Met., 6, 704 (1958).

5. W. B. Pearson, Handbook of Lattice Spacings and Structures

of Metals and Alloys, Pergamon Press, New York (1958).

6. W. Klement, Ph. D. Thesis, California Institute of Technology (1962).

7. W._Ilement, J. Inst. Met., 90, 27 (1961).

8. A.G.H. Andersen and A. W. Kingsbury, Trans. AIMS 152, 38 (1943). S

9. W. Klement, Can. J. Phys., 40, 1397 (1%2).

* 10.* H. J. Saxton and 011D. Sherby, Trans. ASM, 55, 862 (1%2).

0 11. A. F. Bradley and H. F. Goldschmidt, J. Inst. Met., 65, 388 (1939).

12. L. D. Calvert and W. G. Henry, Can. J. Phys., 40, 1411 (1962).

13. F. Bitter, A. R. Kaufmann, C. Starr and S. T. Pan, Phys. Rev.,

60, IOU (1941).

0 @14. E. Scheil, E. Wachtel and A. Kalkuhl, Ann. Physik, 4, 59 (1959).

15. S. C. Abrahams, J. S. Kasper and L. Guttman, Phys. Rev., 127,.

2052 (1%2).o

16. J. B. Newkirk, Trans. AIME, 209, 1214 (1957).

17. H. Koritke, Z. Naturforschung, 16A, 531 (1%1).

18. C. S.Jfoberts, J. Metals, 5, 203 (1953).

19. J. C. Jamieson, Inst. for the Study of Metals, Univ of Chicago,
0

4th ONR Report (unpublished) (1%0).

20. L. Kaufman, E. V. Clougherty and R. J. Weiss, Acta Met. (in press).

21. W. Klement and H. L. Luo, submitted to Trans. AIMS. 0 0

22. A. Gilbert and W. S. Oven, Acta Met., 10, 45 (1%2).*

23. E. Kneller, J. Appl. Phys., 33,1355 (1962).



DISTRIBUTION LIST FOR CONTRACT Nonr 220(30)

A

AGENCY NUMBER OF COPIES

Chief of Naval Research 2
Department of the Navy
Washington 25, D. C.

o +Attention: Code 423

Commanding Officer 01

Office of Naval Research
Branch Office
346 Broadway
New York 13, New York

Commanding Officer 1
Office of Naval Research

i 0Branch Office
495 Summer Street
Boston 10, Massachusetts

0
Commanding Officer 0 1
Office of Naval Research 0
Branch Office

* 86 E. Randolph Street 0
Chicago 1, Illinois

0

Commanding Officer 1
Office of Naval Research
BranchOOffice

0 1030 E. Green Street
Pasadena 1, California 0

* Commanding Officer 1
Office of Naval Research
Branch Office
1000 Geary Street
San Francisco 9, California

Assistant Naval Attache for Research 5

Office of Naval Research
Branch Office, London
Navy 100, Box 39
F.P.O., N.Y., N.Y.

Director 0

U. S. Naval Research Laboratory
Washington 25, D. C.
Attention: Technical Information

Officer, Code 2000 6
: Code 2020 1
: Code 6200 1
: Code 6300 2
: Code 6100 1



B

AGENCY NUMBER OF COPIES

Chief, Bureau of Naval Weapons
Department of the Navy
Washington 25, D. C.
Attention: Code RRMA 1

Code RREN-6 1

Co-manding Officer
U. S. Naval Air Material Center
Philadelphia, Pennsylvania
Attention: Aeronautical Materials

Laboratory

Chief, Bureau of Yards and Docks
Department of the Navy
Washington 95, D. C.
Attention: Research and Standards Division

Commanding Officer
U. S. Naval Ordnance Laboratory
White Oaks, Maryland

Commanding Officer
U. S. Naval Proving Ground

0 Dahlgren, Virginia
Attention: Laboratory Division

Chief, Bureau of Ships
Department of the Navy
Washington 25, D. C.
Attention: Code 315 1

: Code 335 1
: Code 341 1
: Code 350 1
: Code 634 1

Commanding Officer
U. S. Naval Engineering Experiment
Station

Annapolis, Maryland
Attention: Metals Laboratory

Materials Laboratory
New York Naval Shipyard
Brooklyn 1, New York
Attention: Code 907



AGENCY NUMER OF COPIES

Commanding Officer I
David Taylor Model Basin
Washington 7, D. C.

Post Graduate School
U. S. Naval Academy
Monterey, California
Attention: Department of Metallurgy

Office of Technical Services
Department of Commerce
Washington 25, D. C.

Commanding Officer
U. S. Naval Ordnance Test Station
Inyokern, California

Armed Services Technical 5
Information Agency (ASTIA)
Documents Service Center
Arlington Hall Station

* Arlington, Va.
0

Commanding Officer
Watertown Arsenal
Watertown, Massachusetts
Attention: Ordnance Materials

Research Office
Laboratory Division

Commanding Officer
Office of Ordnance Research
Box CM, Duke Station
Duke University
Durham, North Carolina
Attention: Metallurgy Division

Commander
Wright Air Development Center
Wright-Patterson Air Force Base
Dayton, Ohio
Attention:

Aeronautical Research
Lab. (WCRRL)

Materials Laboratory
(WCRTL)



D

AGENCY NIUMER OF COPIES

U. S. Air Force ARDC 1
Office of Scientific Research
Washington 25, D. C.
Attention: Solid State Division

(SRQB)

National Bureau of Standards
Washington 25, D. C.
Attention: Metallurgy Division 1

Mineral Products
Division 1

National Aeronautics Space Administration 1
Lewis Flight Propulsion Laboratory
Cleveland, Ohio
Attention: Materials and Thermodynamics

Division

U. S. Atomic Energy Commission
Washington 25, D. C.
Attention: Technical Library

U. S. Atomic Energy Commission
Washington 25, D. C.
Attention: Metals and Materials Branch 1

Division of Research
Eng. Develop. Branch 1
Division of Reactor Develop.

Argonne National Laboratory 1
P. 0. Box 299
Lemont, Illinois
Attention: H. D. Young, Librarian

Brookhaven National Laboratory
Technical Information Division
Upton, Long Island,
New York
Attention: Research Library

Union Carbide Nuclear Co.
Oak Ridge National Laboratory
P. 0. Box P
Oak Ridge, Tennessee
Attention: Metallurgy Division 1

: Solid State Physics Division 1
: Laboratory Records Dept. 1



AGENCY XU*U_ QT COP IES

Los Alamos Scientific Laboratory .
P. 0. Box 1663
Los Alamos, Now Mexico
Attention: Report Librarian

General Electric Company
P. 0. Box 100
Richland, Washington
Attention: Technical Information Division

Iowa State College
P. 0. Box 1", Station A
Ames, Iowa
Attention: F. H. Spedding

Knolls Atomic Power Laboratory
P. 0. Box 1072
Schenectady, New York
Attention: Document Librarian

U. S. Atomic Energy Commission
New York Operations Office
70 Columbus Avenue
New York 23, New York
Attention: Document Custodian

0

Sandia Corporation
Sandia Base
Albuquerque, New Mexico
Attention: Library

U. S. Atomic Energy Commission 1
Technical Information Service Extension
P. O. Box 62
Oak Ridge, Tennessee
Attention: Reference Branch

University of California
Radiation Laboratory
Information Division
Room 128, Building 50
Berkeley, California
Attention: R. K. Wakerling

Bettis Plant
U. S. Atomic Energy Commission
Bettis Field
P. 0. Box 1468
Pittsburgh 30, Pennsylvania
Attention: Mrs. Virginia Sternberg, Librarian



F

AGENCY NUMBER OF COPIES

Commanding Officer and Director 1
U. S. Naval Civil Engineering Laboratory
Port Hueneme, California

Commanding Officer 1
U. S. Naval Ordnance Underwater Station
Newport, Rhode Island

U. S. Bureau of Mines 1
Washington 25, D. C.
Attention: Mr. J. B. Rosenbaum, Chief Metallurgist

Defense Metals Information Center 2
Battelle Memorial Institute
505 King Avenue
Columbus, Ohio

Solid State Devices Branch 1
Evans Signal Laboratory
U. S. Army Signal Engineering Laboratories

o c/o Senior Navy Liaison Officer
U. S. Navy Electronic Office
Fort Monmouth, New Jersey

U. S. Bureau of Mines
P. 0. Drawer B
Boulder City, Nevada
Attention: Electro-Metallurgical Div.

'Commanding General
U. S. Army Ordnance Arsenal,
Frankford
Philadelphia 37, Pennsylvania
Attention: Mr. Harold Markus

ORlDBA-1320, 64-4

Picatinny Arsenal 1
Box 31
Dover, New Jersey
Attention: Lt. Hecht



N NUMER OF COPIES

Professor M. Cohen 1
Department of Metallurgy
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

Professor B. L. Averbach
Department of Metallurgy
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

Professor G. M. Pound
Department of Metallurgical Engineering
Carnegie Institute of Technology
Pittsburgh 13, Pennsylvania

Professor B. E. Warren
Department of Metallurgy
Massachusetts Institute of Technology
Cambridge 39, Massachusetts

Professor R. F. Hehemann I
Department of Metallurgical Engineering
Case Institute of Technology
Cleveland, Ohio

Professor G. C. Kuczynski 1
Department of Metallurgy
University of Notre Dame
Notre Dame, Indiana

Professor J. M. Sivertsen 1
Department of Metallurgy
University of Minnesota
Minneapolis, Minnesota

Professor V. G. Macres 1
Department of Metallurgical Engineering
Stanford University
Stanford, California

Professor L. V. Azaroff
Department of Metallurgical Engineering
Illinois Institute of Technology
Chicago 16, Illinois

Professor F. Seitz 1
Department of Physics
University of Illinois
Urbana, Illinois



H

AGENCYNUMBER OF COPIES

Professor T. A. Read
Department of Mining & Met. Engrg.
University of Illinois
Urbana, Illinois

Professor R. Smoluchowski
Department of Mechanical Engineering
Princeton University
Princeton, New Jersey

Professor H. Brooks
Dean of Graduate School of
Applied Science
Harvard University
Cambridge, Massachusetts

Professor C. E. Birchenall
Princeton University
Princeton, New Jersey

Professor W. E. Wallace
Department of Chemistry
University of Pittsburgh
Pittsburgh, Pennsylvania

Professor E. R. Parker
Division of Mineral Technology
University of California
Berkeley 4, California

Professor L. G. Parratt
Department of Physics
Cornell University
Ithaca, New York

Professor P. A. Beck
Department of Mining and Metallurgy
University of Illinois
Urbana, Illinois

Professor P. Gordon
Department of Metallurgical Engineering
Illinois Institute of Technology
Chicago 16, Illinois

Professor J. T. Norton
Massachusetts Institute of Technology
Department of Metallurgy
Cambridge 39, Massachusetts



AGENCY NUMBER OF COPIES

Professor M. E. Nicholson
Department of Metallurgy
University of Minnesota
Minneapolis 14, Minnesota

Professor J. W. Spretnak
Department of Metallurgy
Ohio State University
Columbus, Ohio

Professor C. H. Shaw
Department of Physics
Ohio State University
Columbus, Ohio

Professor F. R. Brotzen
Department of Mechanical Engineering
The Rice Institute
Houston, Texas

Professor S. Weissman
Materials Research Laboratory
Rutgers University
New Brunswick, New Jersey

t

I

f


